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HIGHLIGHT  SUMMARY 


This  is  the  second  report  from  this  project.   The  ob- 
jectives of  the  project  involve  the  variability  and  the  source 
of  variability  of  the  strength  of  field  compacted  earth. 
Ultimately,  the  prediction  of  the  properties  of  the  field  mass 
from  laboratory  data  is  desired. 

Laboratory  test  data  were  generated  by  impact  compaction 
for  a  glacial  silty  clay.   The  compacted  density  was  found  to 
be  controlled  by  the  moisture  content  and  an  interaction  be- 
tween moisture  content  and  energy.   The  strength  was  controlled 
by  the  density  and  an  interaction  of  density  with  moisture 
content. 

The  variability  in  density  was  controlled  by  moisture 
content,  density  magnitude,  and  interactions  of  moisture  con- 
tent with  energy  and  with  density.   The  variability  in  strength 
was  controlled  by  the  strength  magnitude  and  the  variability 
in  density. 

Simple  one-on-one  relationships  are  found  to  be  in- 
adequate to  properly  define  how  the  properties  are  controlled 
by  the  variables . 

Limited  field  sheepsfoot  compaction  results  on  the  same 
soil  produced  relationships  similar  to  those  of  the  laboratory 
data.   The  variabilities  were,  however,  larger.   Enough  field 
data  are  not  yet  available  to  relate  laboratory  compaction 
functions  to  these  for  field  compaction.   Even  so,  a  prediction 


xi 


technique  has  been  developed  based  upon  laboratory  data.   The 
designer  selects  the  strength  he  wishes  for  the  compacted 
soil,  and  the  variability  he  is  willing  to  accept;  the 
technique  will  tell  him  the  density,  moisture  content,  and 
energy  to  specify  for  compaction  of  that  soil  using  a  specific 
type  of  compaction.   Appropriate  field  data  are  now  being 
collected  to  demonstrate  this  technique  for  field  rolling, 
and  to  correlate  the  laboratory  and  field  compaction  functions 


INTRODUCTION 

Soil  compaction  may  be  defined  as  a  mechanical 
densification  process  which  produces  a  reduction  of  the 
air  voids  within  the  earthen  material  at  a  relatively 
unchanged  moisture  content.   This  densification  is 
carried  out  to  improve  the  engineering  properties  of  the 
soil  mass  and,  hence,  improve  the  performance  of  the 
material  for  a  given  application.  One  of  the  most 
difficult  questions  to  answer  concerning  this  process 
is  the  type  and  level  of  compaction  v/hich  should  be 
specified  for  a  given  project.   This  type  and  level  of 
compaction  should  depend  on  the  engineering  properties 
required  to  insure  the  acceptable  performance  of  the 
finished  structure.   Therefore,  the  compaction  speci- 
fication should  be  based  upon  the  desired  engineering 
properties  and  the  intended  use  of  the  earthen  structure, 

Presently,  when  the  design  engineer  prepares  an 
end  result  compaction  specification  for  a  particular 
project,  he  specifies  a  minimum  percentage  compaction  to 
be  achieved  during  the  field  compaction  process;  often 
an  acceptable  range  in  moisture  contents  is  also  noted. 
This  percentage  compaction  is  usually  expressed  in  terms 


of  the  maximum  achieved  in  the  laboratory  using  some 
standard  compaction  procedure.   The  field  density  and 
moisture  measurements,  performed  for  quality  control 
purposes,  are  then  translated  into  an  efficiency  of  the 
compaction  process. 

The  engineering  behavior  of  the  field  compacted  soils 
is  often  left  to  inference  from  test  results  obtained  on 
soils  compacted  in  the  laboratory.   This  use  of  laboratory 
results  to  predict  field  performance  may  not  be  the  most 
desirable  situation,  but  the  engineer  is  forced  into  it 
because  of  the  time  and  expense  involved  in  conducting 
any  kind  of  field  study  on  the  behavior  of  compacted 
soils.  Such  inferred  field  performance  leaves  much 
uncertainty  because  it  neglects  the  inherent  differences 
between  the  field  and  laboratory  compaction  processes, 
as  well  as  the  variability  associated  with  each  process. 
Part  of  the  variability  in  the  field  arises  from  the  fact 
that  the  soils,  and  the  construction  process  which 
compacts  them,  are  in  themselves  variable.   Therefore, 
the  resultant  soil  mass  is  non-uniform.   Differences  in 
properties  result  from  differences  in  the  construction 
process,  inspection  process,  testing  process  and  the 
analyses  of  the  tests  performed.  A  difference  in  any  of 
these  factors,  with  all  the  others  held  constant,  will 
result  in  changes  in  variability  within  the  compacted  mass. 


It  is  the  intent  of  this  research  to  examine  the 
feasibility  of  establishing  a  more  rational  method  of 
predicting  field  performance  from  laboratory  tests. 
It  attempts  to  develope  laboratory  relationships  which 
would  allow  a  prediction  of  the  behavior  parameters  in 
the  field  product.   It  will  also  recognise,  and  attempt 
to  allow  for,  the  inherent  variability  which  will  exist 
in  the  compacted  product  as  a  function  of  the  soil  type, 
method  of  compaction,  moisture  content  and  compaction 
energy.   The  relative  importance  of  the  compaction 
variables  in  controlling  the  variability  in  dry  density 
and  shear  strength  will  also  be  examined.   It  does  not 
attempt  to  modify  the  present  compaction  specification 
format  that  seems  to  be  so  well  engrained  in  present 
practice.  The  relationships  developed  in  the  laboratory 
will  then  be  compared  to  field  compaction  results  to 
test  their  usefulness  as  predictors  of  field  performance. 


REVIEW  OE  THE  LITERATURE 

Comparison  of  Field  and  Laboratory 
Compaction  Characteristics 

The  benefits  derived  from  soil  compaction  have  been 
recognized  since  the  earliest  of  times.   One  of  the 
earliest  references  to  soil  compaction  appears  in  the 
writings  of  the  Chinese  engineer  Chia  Shan  (178  B.C.) 
v/ho  wrote,  in  the  Chih  Yen,  about  the  use  of  metal 
rammers  to  improve  the  wearing  characteristics  of  a 
road  surface  (ingles,  1974).  However,  it  has  only  been 
within  recent  history  that  the  level  of  densification 
required  in  the  field  has  been  based  upon  any  laboratory 
determination.  Proctor  (1933)  described  a  laboratory 
test  procedure  for  determining  the  optimum  moisture 
content  and  maximum  dry  density  obtainable  for  a  soil 
for  a  California  earthen  dam  with  an  energy  approximating 
that  of  field  equipment  at  that  time.   The  method  out- 
lined by  Proctor  is  basically  still  in  use  today,  and 
serves  as  a  basi3  for  most  present  end  result  compaction 
specifications . 

Ideally,  the  compaction  method  used  in  the  laboratory 
should  yield  a  moisture-density  relationship  that 


closely  approximates  that  produced  by  the  field  com- 
paction equipment.  Large  scale  field  compaction  studies 
reported  by  the  Roads  Research  Laboratory  (1961),  Hilf 
(1959),  and  the  Waterways  Experiment  Station  (1949), 
show  that  no  laboratory  compaction  method  in  use  today 
duplicates  the  effects  of  various  field  compaction  equip- 
ment.  These  reports  show  that  the  lines  of  optimums 
for  the  field  and  laboratory  compaction  did  not  coincide 
and  that  the  relative  position  of  the  lines  of  optimums 
with  respect  to  the  line  of  saturation  (zero  air  voids) 
varied  erratically  with  respect  to  soil  type  and  com- 
paction equipment.   This  indicates  that  the  efforts 
applied  in  the  laboratory  and  field  do  not  yield  the 
same  functional  relationship  with  respect  to  the  density 
obtained. 

Generally,  the  comparison  of  field  and  laboratory 
shear  strength  characteristics  is  inferred  from  test 
results  from  laboratory  compacted  specimens  at  the  same 
moisture  content  and  dry  density  as  in  the  field.   If 
the  moisture  and  density  are  the  principal  factors 
controlling  the  shear  strength  of  the  field  compacted 
soil,  then  a  reasonable  comparison  between  these  results 
should  be  available.  However,  since  the  compaction 
method  also  has  an  influence  on  the  fabric  of  the  soil 
which,  in  turn,  has  an  influence  on  the  shear  strength 
for  a  given  water  content  and  dry  density,  mere 


similarity  in  the  laboratory  and  field  water  content 
versus  dry  density  relationship  cannot  always  imply 
a  similarity  in  strength.   It  must  be  concluded, 
therefore,  that  specifications  in  terms  of  relative 
compaction  alone  may  not  be  sufficient  to  insure  a 
knowledge  of  the  shear  strength  of  a  compacted  cohesive 
soil  in  the  field.   This  is  so  even  when  the  field 
shear  strength  is  based  upon  laboratory  tests  for 
samples  compacted  at  similar  water  contents  to  the 
required  dry  density. 

Holtz  and  Ellis  (1964)  report  shear  strength  data 
from  three  Bureau  of  Reclamation  dams.  The  dams  were 
compacted  using  the  Bureau's  heavy  sheepsfoot  roller. 
Laboratory  triaxial  tests  were  run  on  undisturbed 
field  samples  and  remolded  impact  and  laboratory 
sheepsfoot  samples.   Their  results  show  that  the 
laboratory  impact  specimens  produced  strength  results 
similar  to  those  obtained  from  the  field  undisturbed 
samples.  The  differences  observed  were  felt  by  the 
authors  to  be  "within  the  range  of  experimental 
error." 

Peterson  (1975)  presents  compaction  data  from 
an  embankment  being  constructed  by  the  I3HC.   The 
data  presented  were  for  a  brown,  silty  clay,  compacted 
by  a  tamping  foot  roller.  Undisturbed  samples 
of  the  field  compacted  soils  v/ere  obtained  using  a 


drive  tube  sampler,  and  tested  in  unconfined  compres- 
sion. The  same  soil  type  was  compacted  in  the  labora- 
tory (Standard  Proctor  energy)  and  tested  in  unconfined 
compression.  Regression  equations  were  then  developed 
to  explain  the  laboratory  strength  relationships. 
It  was  found  that  the  magnitude  of  the  unconfined 
strength  for  the  laboratory  compacted  samples  was  a 
function  of  the  dry  density  and  the  third  order 
moisture  content  (w5).  The  magnitude  of  the  dry 
density  for  the  laboratory  compacted  soil  was  found 
to  be  a  function  of  second  and  third  order  (w  and 
w  )  moisture  content.  These  laboratory  relationships 
were  then  statistically  tested  as  predictors  of 
field  performance.  Peterson  noted  that  the  predictions 
produced  were  quite  reasonable  and  statistically 
valid. 

For  this  study,  experiments  will  be  done  in  the 
laboratory  to  find  the  functional  relationship  between 
moisture,  density  and  strength.   This  functional 
relationship  will  be  arrived  at  by  statistical  analysis 
of  the  experimental  data,  and  it  will  be  tested  as  a 
predictor  of  field  characteristics. 


Non-Random  Compaction  Variability 

In  the  preparation  of  a  section  of  earthen  embank- 
ment, the  construction  and  inspection  process  forms  a 
complex  system  of  sources  of  uncertainty.  Each  element 
in  this  system  contributes  to  variations  in  the  pro- 
perties used  to  insure  the  quality  and  subsequent 
future  performance  of  the  structure.  In  practice,  it 
is  uneconomical,  or  impossible,  to  control  all  these 
elements  precisely.  Therefore,  since  one  must  put  up 
with  them,  they  may  be  considered  as  allowable,  or  random 
variations.  In  contrast  to  the  random  variations  are 
those  which  result  from  preventable  or  controllable 
variations;  these  may  be  considered  as  non-random 
variations.  Turnbull  et  al.  (1966)  listed  the  source 
of  some  of  these  non-random  variations  as: 

1)  changes  in  soil  type  from  the  borrow  area; 

2)  changes  in  operation  such  as  moisture  content 
adjustment,  mixing,  non-uniform  loading,  and 
placement  methods; 

3)  changes  in  operation  on  the  fill,  such  as  number 
and  type  of  hauling,  spreading  and  compaction 
equipment; 

4)  changes  in  lift  thicknesses; 

5)  changes  in  environmental  factors,  such  as  temper- 
ature, drought,  rain; 


6)  changes  in  human  and  equipment  factors  in  the 
testing  program. 
Most  of  these  non-random  variations  also  affect  the 
results  of  the  laboratory  compaction  process.  Additional 
non-random  laboratory  variations,  which  are  easier  to 
consistently  control,  result  from: 

1)  changes  in  the  compaction  process; 

2)  changes  in  the  size  and  shape  of  the  compaction 
mold,  as  well  as  the  support  for  the  mold; 

3)  changes  in  sample  preparation. 

If  it  were  possible  to  control  exactly  all  the 
non-random  variations,  then  the  random  variations  would 
produce  results  which  could  be  represented  by  a  pre- 
established  distribution.  If  the  measured  results 
are  free  of  any  biasing  influence,  then  this  distribution 
can  be  characterized  by  two  quantities:  the  mean  and 
the  standard  deviation.   The  standard  deviation  is  the 
universally  accepted  measure  of  variability.   The  higher 
the  standard  deviation  of  a  set  of  results,  the  larger 
the  spread  in  data. 

The  existence  of  these  variations  in  embankment 
compaction  have  been  recognized  for  many  years,  although 
many  engineers  are  not  strongly  concerned  with  the 
extent  of  variability.  The  ideal  situation  for  the 
design  engineer  would  be  the  ability  to  quantify  the 
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extent  of  the  variability  present  in  the  compacted  mass, 
and  its  sources,  and  then  know  how  this  variability  will 
affect  other  performance  properties.   Each  of  the 
non-random  variables  affects  the  compaction  variability 
in  a  different  manner. 

It  has  been  well  established  that  for  a  given  com- 
paction method  and  compactive  effort,  it  is  the  soil 
type  which  usually  determines  the  maximum  dry  density 
and  optimum  moisture  content.   The  grain  size  distri- 
bution, clayeyness  and  water  content,  are  the  main 
characteristics  which  determine  the  response  of  a  soil 
to  a  given  compactive  effort.  As  the  soil  becomes  more 
granular  and  better  graded,  the  maximum  dry  density  under 

given  conditions  of  placement  will  increase  because  of  the 

1 

better  particle  packing  arrangement  which  is  possible. 

For  compaction  in  the  field,  the  type  and  distri- 
bution of  the  compactive  effort  will  affect  the  maximum 
dry  density  and  optimum  moisture  content.   Sheepsfoot, 
rubber  tired  and  vibratory  rollers  each  have  a  different 
type  of  compactive  action  and  each  of  these  types  of 
action  has  a  significant  influence  on  properties  other 
than  density;  e.g.  shear  strength  and  swelling  charac- 
teristics. The  distribution  of  compactive  effort  varies 


1 .  A  "well  graded"  soil  is  often  defined  as  one  which 
exists  or  can  be  placed  at  a  high  density. 
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with  the  percent  of  the  total  energy  applied  in  each 
application  of  the  corapactive  effort,  and  can  have  a 
significant  effect  on  the  maximum  dry  density  and  optimum 
moisture  content.   Sowers  and  Kennedy  (1954)  found  that 
the  most  important  factor  influencing  the  effectiveness 
of  compaction,  in  the  laboratory  or  in  the  field,  was 
the  percentage  of  the  total  energy  applied  in  each  ap- 
plication of  the  pressure.   Their  results  shov/ed  that 
the  greater  the  number  of  applications  required  to  apply 
a  certain  amount  of  effort,  the  smaller  the  resultant 
unit  weight.   Therefore,  within  the  limits  of  a 
given  amount  of  effort,  the  greater  compaction  results 
when  that  effort  is  exerted  in  a  single  application. 

The  results  obtained  in  the  field  are  also  affected 
by  the  variability  in  lift  thickness.   Because  of  a 
decrease  in  pressure  intensity  with  depth,  the  resultant 
dry  density  will  also  decrease  (Johnson  and  Sallberg, 
1960).  Bruselius  (1954)  conducted  studies  in  Sweden  on 
a  silty  clay,  a  sandy  silt,  and  a  medium  sand.   The  soil 
was  compacted  in  30  inch  lifts  with  6  passes  of  a  15.5  ton 
rubber  tire  roller.  All  three  soils  showed  comparable 
densities  at  the  surface,  but  the  silty  clay  showed 
a  drastic  decrease  in  density  with  depth,  while  the 
medium  sand  shov/ed  little  decrease  in  density.   Therefore, 
the  higher  the  soils  intrinsic  plasticity,  or  clayeyness, 
the  less  efficient  will  be  the  compaction  with  deoth. 
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The  degree  of  compaction  can  also  be  changed  by 
weather  (climactic)  conditions.  The  temperature  of  the 
soil  and  regional  moisture  will  drastically  affect  the 
resulting  maximum  dry  density.  Compaction  research  has 
shown  that  increasing  the  compaction  temperature  will 
increase  the  maximum  dry  density  and  decrease  the  optimum 
moisture  content.  Lowering  the  compaction  temperature 
is  felt  to  make  the  water  more  viscous  and  thereby 
reducing  the  workability  of  the  soil  (Johnson  and  Sallberg, 
1962).  For  several  different  soil  types,  decreases  in 
maximum  dry  density  of  2.0  -  3.6  pcf  have  been  reported 
by  Hogentogler  and  Willis  (1936)  for  a  temperature 
change  from  115°  to  35°F;  for  a  silty  clay,  changes  in 
dry  density  of  10.5  pcf  have  been  reported  (Belcher, 
1941)  for  a  change  in  temperature  of  40°F;  for  a  sandy 
clay,  Highter  (1969)  reports  changes  of  5.0  pcf  in  dry 
density  for  a  change  of  50°F. 

The  changes  in  shear  strength  that  are  produced  as 
a  function  of  changes  in  dry  density  can  be  determined 
by  using  several  different  compaction  energies  and 
comparing  the  produced  strengths  at  a  constant  value 
of  moulding  water  content.  This  process  assumes  that 
there  is  no  effect  of  possible  changes  in  soil  structure 
as  the  optimum  water  content  decreases  with  increasing 
compaction  energy.  This  assumption  should  be  valid  if 
the  strength  is  measured  at  strains  large  enough  to 
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mobilize  the  strength;  however,  if  the  strength  is 
measured  at  low  strains,  the  influence  of  differences  in 
soil  structure  should  not  "be  neglected.  In  considering 
the  influence  of  dry  density  on  shear  strength  it  is  also 
necessary  to  make  a  distinction  between  soaked  and  as 
compacted  strengths. 

Seed  and  Monismith  (1954),  Seed,  Mitchell  and  Chan 
(1960)  and  Casagrande  and  Hirschfeld  (1962)  all  have 
presented  data  on  the  relationship  between  dry  density 
and  shear  strength  at  different  moulding  water  contents. 
All  these  data  indicate  that  an  increase  in  dry  density 
will  cause  an  increase  in  shear  strength  for  a  given  water 
content,  provided  the  shear  strength  is  defined  at  both 
large  strains  and  moderate  confining  pressure.   In  general, 
the  rate  of  increase  in  shear  strength  with  an  increase 
in  dry  density  is  largest  for  the  lowest  value  of  water 
content.  As  the  moulding  water  content  increases,  the 
increase  in  shear  strength  is  small  to  nonexistent, 
depending  on  the  soil  being  investigated. 

In  this  study,  an  effort  will  be  made  to  control 
those  non-random  variables  which  can  be  easily  controlled, 
or  at  least  held  at  a  constant  level.  It  is  recognised 
that  if  these  variables  are  not  controlled  the  resultant 
mass  will  not  have  a  uniform  density,  and  therefore, 
will  not  have  a  uniform  and  predictable  strength.  By 
removing  most  of  this  non-random  variation,  it  is  hoped 


14 


that  quantification  of  the  magnitude  and  sources  of 
the  random  variations  will  be  possible. 

Random  Compaction  Variability 

A  certain  amount  of  variability  in  the  compacted 
properties  of  an  embankment  should  be  expected  for  even 
the  most  uniform  soil  borrow  sources,  and  strictly 
controlled  operations.  Carey  (1957)  reported  the  vari- 
ability in  densities  for  300  samples  taken  from  59  borings, 
in  a  grid  pattern,  covering  the  borrow  area  for  the 
AASPIO  Road  Test  project.   Laboratory  Standard  Proctor 
tests  were  run  on  each  sample,  and  results  showed  that, 
even  though  the  material  appeared  to  be  highly  uniform, 
the  maximum  dry  unit  weights  ranged  from  110.0  to  126.0 
pcf  (mean  of  117.2  pcf).  This  mean  value  was  established 
for  compaction  control  purposes.  Analysis  of  the 
construction  control  data  for  this  same  project  revealed 
that  two  density  determinations,  made  by  drive  tubes 
within  several  inches  of  each  other,  often  differed  by 
2-3  pcf.  There  v/as  an  even  greater  amount  of  variation 
if  points  were  considered  over  a  larger  area.   That  is, 
the  variability  between  lifts  or  sections  of  the  project 
was  larger  than  the  variation  within  a  small  section  of 
the  lift. 

Other  investigators  have  reported  similar  results. 
Fischer, et  al.  (1962)  present  data  for  a  residual,  red, 
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silty  clay.   They  performed  numerous  control  tests  over 
various  size  test  areas,  using  a  nuclear  gage.  Within 
the  smallest  test  section  considered  (5  sq.  ft.  of  surface 
area) ,  they  report  standard  deviations  in  dry  density  and 
moisture  content  of  2.8  pcf  and  0.14%,  respectively.  For 
the  largest  area  considered  (64-00  sq.  ft.),  they  report 
9.7  pcf  and  2.9%  standard  deviations  for  dry  density  and 
moisture  content  respectively.  Regarding  this  problem 
of  scatter  in  measured  densities,  in  a  test  fill  con- 
structed in  conjunction  with  the  Mica  Dam  (Hillis  & 
Smith,  1967)  it  was  found  necessary  to  measure  at  least 
ten  densities  on  each  test  strip,  with  each  density  hole 
having  a  volume  of  about  5  cu.  ft.  in  order  to  over- 
ride the  large  variation  in  density  over  the  strip  and 
thus  obtain  a  significant  value  for  the  average  density. 
While  this  may  be  a  drastic  example,  it  does  indicate 
the  measures  which  may  be  necessary  to  entirely  remove 
the  large  field  variations  experienced. 

Evidence  indicates  that  the  variability  in  density 
is  a  function  of  the  heterogeneity  of  the  soil.  Sherman, 
et  al.  (1967),  Smith  and  Prystock  (1966),  Jorgenson  (1969) 
and  Williamson  (1969)  all  report  variations  in  measured 
densities  in  relationship  to  the  soil  homogeneity.  Their 
results  are  shown  in  Table  1.  Hence,  the  use  of  statistical 
distributions  should  not  be  used  to  compare  the  "quality 
of  the  work"  from  one  site  to  another  unless  all  other 
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TABLE  1 
Effect  of  Soil  Homogeneity  on  Density  Variability 


REFERENCE 

SOIL 
TYPE 

DRY  DENSITY 

N 

IffiAN 
(°/oRC) 

STD 

DEV 

(°/oRC) 

Sherman, 
et  al. 
(1967) 

clayey  silty  sand, 
medium  plasticity, 
homogeneous 

clayey  silty  sand, 
boulders  to  6", 
heterogeneous 

heavy  clay,  sand, 
stone,  shale,  very 
heterogeneous 

50 
50 

44 

92.9 
90.5 
93.6 

2.4 
3.1 

5.5 

Jorgenson 
(1969) 

glaciated  soil  area 
end  moraine  area 
non-glaciated  area 

100 

98 
54 

88.7 
89.9 
97.8 

4.5 

8.04 

4.8 

Williamson 
(1969) 

silt  to  silty  clays, 
lov/  plasticity, 
homogeneous 

lov/  plasticity  silt, 
to  moderately  plastic 
clays,  heterogeneous 

highly  plastic  clayey 
sand,  very 
heterogeneous 

200 

140 
138 

92.4 
95.5 
96.1 

5.76 
6.02 
6.33 

Smith  ajid 
Pry stock 
(1966) 

uniform  material,  none 
greater  than  3/4" 

fairly  uniform  material 
greater  than  3/4"  to 
occasional  6" 

extremely 
heterogeneous 

200 
200 

176 

92.86 

90.54 

93.64 

2.44 
3.09 

5.52 
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conditions  are  the  same.  Equal  operational  control  may 
be  maintained  on  two  similar  projects,  but  the  resultant 
dispersions  may  be  due  to  the  material  alone. 

It  should  perhaps  be  noted  that  the  standard  devia- 
tions reported  are  actually  the  resultant  of  several 
components.  If  the  reported  deviations  are  interpreted 
as  total  standard  deviations,  S.  ,  then  it  can  be  assumed 
to  consist  of  the  following  components: 

1)  Standard  deviation  component  due  to  sampling, S  : 

2)  Standard  deviation  component  due  to  variations 
inherent  in  the  material  and  compaction  process, 

3)  Standard  deviation  component  due  to  testing,  S. . 
The  total  deviation  is  then  (after  V/ahls,  et  al.,  1966) 

;04 


'Ss2  +  Sc2  +  St2 


It  is  highly  unlikely  that  each  of  these  components 
could  be  evaluated  for  a  specific  portion  of  a  field 
project,  and  thus  determine  the  total  standard  deviation. 
Hoever,  Ingles  (1972)  has  reported  results  of  laboratory 
testing  where  analysis  of  variance  techniques  have  been 
used  to  separate  some  of  these  variability  components. 
His  conclusions  show  that  the  testing  component  of 
variance  is  almost  identically  equal  with  the  sampling 
component  of  variance;  hence,  even  with  the  most  com- 
petent sampling,  test  variability  will  remain  high. 
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Therefore,  many  determinations  will  be  required  if  the 
true  mean  and  standard  deviation  are  to  be  estimated  with 
sufficient  confidence. 

The  resultant  scatter  can  also  be  related  to  the 
moisture  level  at  which  the  compaction  taices  place. 
Johnson  (1969)  reports  results  obtained  when  several 
laboratories  were  given  "identical"  samples  of  ML,  CL 
and  CH  soils  on  which  to  perform  compaction  (at  Standard 
Proctor  energy)  and  strength  tests.  It  was  noted  that 
the  compaction  results  from  the  several  laboratories 
compared  well  for  all  three  soils  at  high  degrees  of 
saturation,  the  range  being  about  2  pcf  for  the  ML  and 
GL  soils,  and  about  3  pcf  for  the  CH  soil.   The  results 
on  the  dry  side  of  optimum  showed  considerable  scatter. 
The  range  for  the  ML  soil  was  about  4  pcf,  for  the  CL 
soil  about  5  pcf  and  for  the  CH  soil  about  9  pcf.   These 
results  also  indicate  that  the  amount  of  scatter  produced 
in  the  compaction  results  is  related  to  the  inherent 
plasticity  characteristics  of  the  soil,  viz.,  the  higher 
the  plasticity,  the  higher  the  variability.  The  strength 
test  results  were  inconclusive.  All  samples  were  not  run 
at  the  desired  moisture  content,  so  comparison  of  the 
results  obtained  is  misleading. 

Studies  of  field  compacted  soils  also  show  that  the 
variations  in  density  are  related  to  the  mean  moisture 
level  deviation  from  the  optimum  moisture  content.  In 
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large  scale  field  tests  conducted  by  the  Waterways 
Experiment  Station  (194-9),  using  various  types  of 
compaction  equipment,  little  scatter  was  shown  for  wet 
side  compaction,  "out  large  deviations  were  noted  for 
compaction  dry  of  optimum.  For  the  particular  set  of 
test  conditions  used,  increasing  the  roller  weight  did 
not  appreciably  increase  the  dry  density  obtained,  but 
it  did  decrease  the  amount  of  scatter  for  dry  side 
compaction. 

The  type  of  compaction  equipment  may  also  have  a 
significant  effect  on  the  scatter  produced  in  the  test 
results.  Pettitt  (1967)  shows  results  of  several  types 
of  compaction  equipment  on  the  same  soil.  His  results 
are  shown  in  Table  2.  Although  the  mean  densities  and 
moisture  levels  for  each  method  are  nearly  the  same,  large 
variations  exist  in  the  standard  deviations  of  the  results. 
The  sheepsfoot  roller  produced  the  least  uniform  results, 
but  by  combining  the  sheepsfoot  and  the  pneumatic-tired 
construction  traffic,  a  more  uniform  fill  is  produced. 

Although  it  seems  much  work  has  been  done  on  field 
dry  density  variations,  little  has  been  done  concerning 
the  variations  in  shear  strength. 

A  number  of  investigators  have  determined  the 
coefficient  of  variation  (ratio  of  the  standard  deviation 
to  the  mean)  for  the  shear  strength  of  natural  soils 
within  a  particular  soil  zone.  Extensive  tests  were 
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conducted  "by  Hooper  and  Butler  (1966)  to  determine  the 
undrained  shear  strength  of  London  clay.  They  have  shown 
that  for  a  number  of  sites,  providing  sound  sampling 
techniques  are  followed,  the  coefficient  of  variation 
is  limited  to  a  range  of  approximately  0.17  to  0.22. 
If  sampling  methods  were  poor,  (e.g.  sampler  driven 
by  impact  rather  than  by  hydraulic  pressure),  then  the 
coefficient  of  variation  jumped  to  values  as  high  as 
0.30  to  0.4-3.  Ward,  Samuels  and  Butler  (1959)  also  in- 
dicate coefficients  of  variation  ranging  from  0.17 
to  0.22  for  tests  on  the  London  clay.  Lumb  (1966) 
reports  a  coefficient  of  variation  of  0.18  for  a  Hong 
Kong  marine  clay.  An  examination  of  the  above  cited 
data  reveals  that  the  coefficient  of  variation  and  shear 
strength  of  a  variety  of  soils  are  roughly  proportional; 
that  is,  an  increase  in  shear  strength  will  be  accompanied 
by  an  increase  in  the  coefficient  of  variation.  This 
linear  relationship  is  also  supported  by  investigations 
cited  by  Morse  (1972)  for  glacial  soils  located  in 
Illinois.  There  was  a  fairly  good  linear  relationship 
between  the  mean  unconfined  strength  and  the  standard 
deviation  of  strength,  even  though  the  locations  of  the 
soils  covered  a  large  area. 

This  study  will  examine  by  statistical  methods  the 
density  and  strength  variability  in  relation  to  the  soil 
type,  compaction  method,  moisture  level  and  compaction 
energy. 


22 


Strticture  of  Compacted  Clays 

Theories  presented  by  Lambe  (1958)  and  by  Seed  and 
Chan  (1959)  suggest  that  clays  compacted  at  moisture 
contents  less  than  optimum  would  have  a  flocculated 
structure,  while  samples  compacted  at  moisture  levels 
greater  than  optimum  would  tend  to  have  a  more  dispersed 
microstructure,  with  a  primary  particle  orientation 
normal  to  the  axis  of  compaction.  However,  investigations 
by  Sloane  and  ICell  (1966),  using  the  electron  microscope, 
showed  no  evidence  for  edge  to  face  structure  for  their 
kaolinite  samples  compacted  dry  of  optimum.  Rather,  they 
found  an  essentially  random  arrangement  of  particle 
domains.  For  compaction  wet  of  optimum  moisture,  their 
results  do  indicate  some  orientation  of  the  domains  normal 
to  the  compaction  axis.  Results  presented  by  Diamond 
(1971)  also  show  this  preferred  particle  orientation  normal 
to  the  axis  of  compaction.  However,  Diamond's  results 
indicate  that  the  degree  of  orientation  remains  fairly 
constant  (rather  than  increasing)  as  the  moisture  content 
increases  above  optimum  moisture  content. 

Hodek  (1972)  used  this  "domain  of  particles"  theory 
to  treat  the  structure  of  compacted  clays  on  a  much  more 
complex  structural  level  than  assumed  by  Lambe.  Smart 
(1969)  defined  domains  as  a  collection  of  platey  particles, 
with  the  size  of  the  collection  being  much  larger  than 
the  size  of  the  individual  particles.  Hodek  notes  that 
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as  water  is  added  to  the  dry  soil  and  agitation  occurs 
from  mixing,  the  domains  tend  to  join  together,  swell, 
and  form  aggregates.  As  more  water  and  mixing  occur, 
these  aggregates  increase  in  size  and  decrease  in  number. 
This  phenomenon  results  in  the  formation  of  macroscopic 
"balls  (aggregates)  of  various  sizes,  depending  on  the 
amount  and  distribution  of  water  in  the  system.   Compaction 
densification  results  from  a  rearrangement  of  these 
macro-aggregates  into  a  more  efficient  packing  arrange- 
ment through  displacement  and  if  the  moisture  content  is 
high  enough,  through  plastic  deformation.  At  lov;  moisture 
contents,  the  aggregates  are  relatively  rigid  and  not 
deformable,  and  their  packing  tends  to  leave  a  large 
amount  of  void  space  (inter-aggregate  voids),  while 
higher  moisture  aggregates  can  deform  to  fill  these  voids. 

Studies  of  pore  size  distribution  data  presented  by 
Ahmed  (1971)  indicate  that  samples  compacted  at  the  same 
moisture  content  to  the  same  dry  density  using  various 
compaction  methods  will  exhibit  nearly  identical  pore 
size  distributions.  Ahmed  used  kneading  (Harvard  Minia- 
ture), impact  (Proctor)  and  static  compaction  methods. 
His  compacted  samples  were  tested  in  unconfined  compression, 
in  an  effort  to  correlate  shear  strength  behavior  with 
the  observed  pore  distribution.  For  compaction  dry  of 
optimum,  samples  failed  in  a  brittle  manner,  which  Ahmed 
attributes  "...  apparently  in  part  to  the  break  down  in 
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largo  pores,  which  arc  present  in  large  numbers"  in  this 
moisture  region.   Samples  compacted  wet  of  optimum  "behaved 
more  plastically,  without  apparent  fracture. 

Diamond  (1971)  and  Bhasin  (1975)  present  pore  size 
distribution  for  soils  at  various  moisture  content  levels 
(v/et  of,  dry  of,  and  at  optimum  moisture  content), 
compacted  by  the  impact  method  at  several  effort  levels. 
The  pore  size  distributions  fall  into  two  distinct 
groups:  those  compacted  at  or  above  optimum  moisture 
content  for  the  level  of  effort  used,  and  those  compacted 
less  than  optimum.  For  samples  compacted  at  or  v/et  of 
the  optimum  moisture  content,  the  distribution  of  voids 
are  nearly  identical.   In  each  case,  there  are  almost  no 
voids  larger  than  about  0.144m  in  diameter.  Samples 
compacted  dry  of  optimum  moisture  content  show  a  consider- 
able amount  of  large  size  voids.  All  moisture  levels 
show  a  considerable  and  approximately  constant  volume  of 
the  very  small  pores.  Data  presented  for  compaction  near 
and  dry  of  the  optimum  moisture  content  show  that  as  the 
compaction  energy  increases,  the  volume  of  large  pores 
decreases;  however,  the  distribution  and  quantity  of 
smaller  pores  remains  nearly  constant.   Diamond  suggests 
that  these  smaller  pores  are  largely  gaps  between  in- 
dividual kaolinite  plates  within  the  domains  (intra- 
aggregate  voids).  Scanning  electron  micrographs  of 
these  samples  show  that,  for  the  samples  compacted  dry 
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of  optimum,  neighboring  domains  touch  at  contact  points 
but  not  generally  along  surfaces.  In  contrast,  the 
domains  are  in  sufficiently  close  contact  that  boundaries 
are  difficult  to  distinguish  for  compaction  wet  of 
optimum. 

Diamond's  data  shows  that  for  compaction  wet  of 
optimum,  a  small  amount  of  swelling  occurs.  Sridharan, 
Altschaeffl  and  Diamond  (1971)  also  found  this  observation 
to  be  true.  Their  results  show  that  increasing  the 
compactive  effort  at  high  degrees  of  saturation  will 
actually  tend  to  increase  the  volume  of  the  very  small 
pores  (the  larger  pores  have  been  essentially  eliminated 
at  this  moisture  level). 

The  existence  of  a  large  amount  of  voids  presents 
a  possibility  of  different  packing  arrangements.  It 
should  then  be  expected  that  larger  variations  in  density 
will  be  possible  in  these  regions.  Since  a  shear  failure 
is  produced  between  aggregates,  not  through  them,  then 
the  large  void  region  should  also  exhibit  a  large  varia- 
tion in  shear  strength.   It  is  expected  that  the  density 
and  strength  variability  will  be  dependent  on  the  moisture 
content  and  compaction  energy,  but  relatively  independent 
of  compaction  method.   These  ideas  served  as  the  basis 
of  the  statistical  model  developed  to  explain  the  density 
and  strength  variability  in  the  compacted  soils. 
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EXPERIMENTAL  PROCEDURES 


Introduction 


An  effort  was  made  to  establish  relationships  among 
dry  density,  moulding  water  content,  shear  strength  and 
their  corresponding  variabilities  for  laboratory  compacted 
soils.   Specimens  were  compacted  in  the  laboratory  by  various 
compaction  methods  and  then  tested  in  unconfined  compression 
in  the  as  compacted  state  (no  soaking  was  attempted). 
Statistical  relationships  v/ere  developed  to  explain  the 
observed  laboratory  behavior.  These  relationships  were  then 
compared  with  field  compaction  results  to  determine  how 
the  laboratory  relationships  could  be  used  to  predict 
field  performance. 

Laboratory  Testing  Program 
The  laboratory  testing  program  was  divided  into  two 
main  phases,  each  phase  involving  a  different  soil  type. 
The  information  concerning  phase  one  of  the  testing  program 
v/as  covered  by  Peterson  (1975).   The  emphasis  here  is 
directed  primarily  toward  the  soil  used  in  phase  two  of 
the  laboratory  testing  program. 

About  1000  lbs.  of  this  second  soil  type  was  taken 
from  the  borrow  area  for  an  embankment  being  constructed 
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by  the  Indiana  State  Highway  Commission  (ISHC),  under 
project  number  STF-95(12),  located  near  Carbondale 
(Warren  County),  Indiana,  during  the  summer  construction 
season  of  1975.  The  soil  was  air  dried  in  the  laboratory, 
pulverized  by  hand,  sieved  to  remove  the  material  greater 
than  i  in.  diameter  and  stored  for  further  use.  The 
results  of  identification  tests  performed  on  the  soils 
are  shown  in  Table  3.  Figure  1  shows  the  grain  size 
distribution  curve  for  the  soil  tested. 

TABLE  3 

Identification  Test  Results 

Liquid  Limit  (%)  20 

Plastic  Limit  {%)  H 
Plasticity  Index  (%)  6 

Specific  Gravity  of  Solids  2.73 

AASHO  Classification  A-4(5) 

Unified  Classification  CL-ML 

Descriptive  Name  Gray  Silt 

The  soil  was  compacted  in  the  laboratory  using 
primarily  the  impact  method,  but  some  kneading  compaction 
was  also  used.  Pour  different  levels  of  energy  were 
used  for  the  impact  method  of  compaction,  shown  in 
Table  4.  The  energy  ratio  shown  was  used  as  a  variable 
in  subsequent  statistical  analyses.   The  kneading  compact- 
ion was  accomplished  using  the  Harvard  Miniature  compaction 
apparatus  as  described  by  Wilson  (1950).  The  number  of 
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layers,  spring  weight  and  tamps  per  layer  were  varied 
in  order  to  produce  a  maximum  dry  density  which  was 
approximately  the  same  as  the  maximum  dry  density 
obtained  by  the  Standard  Proctor  compaction  method. 
See  Table  4.  It  was  not  possible  to  obtain  the  same 
maximum  density  at  the  same  optimum  moisture  content 
because  of  the  differences  in  compaction  method. 

Twenty-four  hours  prior  to  the  time  of  compaction, 
the  required  amount  of  soil  necessary  for  one  test  was 
removed  from  storage,  and  the  amount  of  distilled  water 
necessary  for  the  desired  moisture  level  was  gradually 
added  by  means  of  a  hand  atomizer.  All  mixing  of  the  soil 
during  water  addition  was  done  by  hand.  The  soil  was 
then  sealed  in  a  plastic  bag  and  stored  in  a  55  gallon 
covered  barrel  (maintained  at  nearly  100%  relative 
humidity)  for  24  hours  prior  to  compaction. 

After  the  soil  was  compacted  in  the  Proctor  mold, 
samples  were  obtained  by  simultaneously  pressing  three 
sharpened  thin  walled  stainless  steel  samplers  (3.5  in. 
long  x  1 .485  in.  outside  diameter  with  a  0.025  in.  wall) 
into  the  soil  with  a  hydraulic  jack  as  shown  in  Figure  2. 
The  sampling  tubes  and  compaction  mold  were  both  lub- 
ricated with  silicone  oil  before  sampling.  The  samples 
were  then  extruded  from  the  sampling  tubes,  ends  trimmed, 
diameter  and  height  measured,  weighted,  sealed  in  plastic 
bags,  and  stored  in  a  humidifier,  in  a  constant 
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FIGURE     2       METHOD  OF   OBTAINING  STRENGTH 
SAMPLES  FROM  PROCTOR  MOLD. 
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temperature  room,  until  time  for  strength  testing.   The 
atmosphere  inside  the  humidifier  was  maintained  at  nearly 
100?o  relative  humidity.   For  the  highest  impact  energy 
used  (Modified  Proctor) ,  it  was  not  possible  to  obtain 
strength  samples  for  moisture  contents  less  than  about 
10?o.  When  sampling  tubes  were  pressed  into  the  soil 
compacted  much  drier  than  10%  moisture,  they  tended  to 
bend  and  become  highly  deformed,  resulting  in  disturbed, 
unusable  strength  samples.  V/hen  compaction  was  ac- 
complished with  the  Harvard  Miniature  apparatus,  the 
entire  sample  v/as  used  for  strength  testing  after 
extrusion  from  the  compaction  mold. 

A  five  day  curing  time  was  allowed  between  the  time 
of  compaction  and  the  time  of  strength  testing  because 
there  was  evidence  of  a  change  in  strength  during  the 
first  few  days  after  compaction.   To  evaluate  the  changes 
expected  for  this  soil,  a  series  of  nearly  identical 
Harvard  Miniature  samples  were  tested  in  a  timed  series. 
The  change  in  strength  and  moisture  content  as  a  function 
of  time  is  shown  in  Figure  3.   Similar  results  were 
reported  by  Highter  (1969)  for  a  sandy  clay.  Highter's 
results  show  a  strength  decrease  of  approximately  12  psi 
over  a  period  of  5  days. 

As  noted  by  Highter,  et  al. (1970),  the  temperature 
during  compaction  and  testing  can  greatly  influence  test 
results;  thus  the  influence  of  temperature  was  kept  to 


c 


50-1 


i_ 
Q. 

£~ 
°  "; 

5   45 

XI 
0J      3 

.E  o" 

>»- 

c 
o 
o 

c 
3 


40 


33 


Harvard  Miniature 

Samples-Gray  Silt 

5  Layers-  40Tamps/  Layer 

25#Spring 

j?d- 121.7   pcf 


- r 
20 


Time   After  Compaction      (Days) 


c 

C 

o  --> 


II.Oh 


u£  10.5- 

a» 

B  5 

£       10.0 


_2 0- 


5  10  15 

Time  After  Compaction       (Days) 


20 


FIGURE 


STRENGTH  AND  WATER  CONTENT 
CHANGES  AS  A  FUNCTION   OF  STORAGE 
TIME. 


34 


a  minimum  by  compacting  in  the  laboratory  under  moderately 
fluxuating  ambient  temperatures  of  about  22  C  (-5  0), 
and  then  storing  and  testing  samples  in  a  controlled 
temperature  of  about  22°C  (i2°C). 

Field  Testing  Program 

An  Indiana  State  Highway  Commission  (ISHC)  relocation 
project  (Project  STF-95(12)  near  Garbondale  (Warren 
County),  Indiana)  was  used  to  obtain  samples  of  field 
compacted  soils  during  the  construction  seasons  of  1974 
and  1975.   For  the  most  part,  compaction  was  accomplished 
through  the  use  of  a  single  piece  of  compaction  equip- 
ment (a  self-propelled  tamping  foot  Hyster  Roller, 
Model  C450B,  approximately  27  tons  in  weight).   Since 
the  project  was  a  normal  construction  operation,  it  was 
not  possible  to  control  the  compaction  variables.  No 
control  was  possible  over  the  compaction,  as  the  sampling 
was  an  add-on  to  the  existing  construction  project, 
necessitating  no  interference  with  usual  construction 
procedures.   In  particular,  it  v/as  difficult  to  establish 
the  amount  of  energy  (number  of  passes)  used  in  the  com- 
paction process  for  a  given  sampling  location  on  the 
grade.  Also,  non-uniformity  of  the  application  of  energy 
was  a  problem. 

During  the  first  sampling  season  (summer  1974), 
many  problems  were  encountered  which  limited  the  amount 
of  usable  data  obtained.   These  problems  were  outlined 
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elsewhere  (Peterson,  1975)  and  will  not  be  dealt  with  here. 
During  the  second  season,  however,  the  sampling  program 
produced  a  large  amount  of  useable  data.   The  samples 
were  taken  from  an  embankment  being  constructed  as  part 
of  the  highway  interchange.  The  soil  used  for  construction 
was  taken  from  a  single  borrow  area,  and  was  fairly  uni- 
form. In  order  to  obtain  many  samples  from  various 
locations  within  a  single  compacted  lift,  sampling  was 
normally  carried  out  at  the  finish  of  the  day's  con- 
struction activities.   In  this  manner,  sampling  could 
be  carried  out  without  interfering  with  the  normal 
construction  routine. 

The  amount  of  effort  used  in  compacting  the  soil  was 
recognized  as  an  important  variable.  Since  exact  quan- 
tification of  this  variable  was  not  possible,  three 
hypothetical  "energy  areas"  were  located  v/ithin  the 
embankment  being  compacted.  The  central  portion  of  a 
lift  under  compaction  was  termed  a  "high  energy  area" 
because  of  the  tracking  in  this  area  by  the  construction 
equipment,  trucks  and  cars.  A  strip  of  about  ten  feet 
wide  on  each  edge  of  the  embankment  was  termed  a  "medium 
energy  area".   This  area  received  little  additional 
traffic  other  than  the  compaction  equipment.  It  should 
be  noted  that  samples  from  the  high  and  medium  energy 
areas  were  taken  only  after  the  lift  had  met  the  constru- 
ction specification  and  had  been  passed  by  the  ISHC 
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inspector.  Any  lift  which  had  not  passed  the  construction 
specification  at  the  finish  of  the  working  day  was  termed 
a  "low  energy  area".  During  the  1975  construction 
season,  a  total  of  about  60  undisturbed  drive  tube 
samples  were  taken  from  these  three  hypothetical  energy 
areas.  Difficulties  encountered  in  trimming  and  ex- 
truding the  samples  prevented  the  testing  of  all  60,  but 
a  total  number  of  40  samples  were  eventually  strength 
tested.  The  drive  tube  apparatus  is  shown  in  Figure  4. 
The  samples  were  extruded  in  the  field,  sealed  in  plastic 
bags,  and  stored  in  the  laboratory  humid  room  until 
ready  for  strength  testing.  The  field  samples  were 
tested  5  days  after  they  were  compacted,  the  same  as  the 
laboratory  samples. 

Unconfined  Testing  Apparatus 
Because  a  large  number  of  strength  test  samples 
were  anticipated,  an  unconfined  compression  apparatus 
was  developed  which  utilized  an  on-line  analog  computer 
and  X-Y  plotter  to  reduce  and  record  the  strength  testing 
data.  The  apparatus  developed  is  shown  in  Figure  5. 
The  axial  load  was  supplied  by  a  Model  56  Wykeham  Farrance 
loading  frame  with  a  1  ton  capacity.  The  displacement 
rate  selected  was  0.05  inches  per  minute.  The  load  and 
displacements  were  continuously  measured  by  a  load  cell 
and  linear  variable  differential  transformer  (LYDT) 
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FIGURE      4      FIELD    DRIVE  TUBE  SAMPLING  APPARATUS. 
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FIGURE       5       UNCONFINED  TESTING    APPARATUS 
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respectively.  By  entering  the  sample  dimensions  (length 
and  diameter)  into  the  analog  computer,  the  load/deforma- 
tion data  were  automatically  converted  to  stress/strain 
data.  These  data  were  continuously  recorded  on  the 
X-Y  plotter,  in  the  form  of  the  standard  stress-strain 
plot.  No  further  data  manipulation  was  necessary. 
Some  typical  stress-strain  curves  are  shown  in  Figure  6. 

The  strength  of  the  sample  was  defined  as  the  peak 
of  the  stress-strain  curve,  when  one  existed,  or  the 
stress  at  20%  strain. 
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FIGURE     6      TYPICAL  STRESS- STRAIN  CURVES. 
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ANALYSIS  OF  EXPERIMENTAL  RESULTS 
Statistical  Analysis 

A  total  of  226  samples  were  tested  in  unconfined 
compression  in  connection  with  the  second  phase  of  the 
laboratory  testing  program.   This  total  was  comprised  of 
105  laboratory  impact  compacted  samples,  81  Harvard 
Miniature  compacted  samples,  and  40  field  Hyster 
compacted  samples.  The  entire  set  of  data  obtained  is 
presented  in  the  Appendix. 

The  new  data  were  handled  in  different  manners, 
depending  on  whether  the  actual  magnitude  of  the  dependent 
variable  or  the  magnitude  of  its  variation  was  under 
consideration.   If  the  actual  magnitude  was  under  con- 
sideration, all  the  data  obtained  were  used  for  the 
analysis.   If  the  magnitude  of  the  variability  v/as  being 
considered,  it  was  necessary  to  break  the  data  into 
subsets,  to  calculate  the  means  ana  variances  within  each 
subset,  and  then  to  perform  the  desired  analysis  using 
this  reduced  data  set.   These  reduced  data  sets  were 
broken  up  into  V/o   moisture  content  intervals  with  respect 
to  the  optimum  moisture  content  for  the  particular 
effort  level  under  consideration. 
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A  least  squares  regression  analysis  approach  was 
used  to  isolate  the  effects  of  the  independent  variables 
on  the  chosen  dependent  variable.  If  the  simple  example 
regression  model 

*est  =  a  +  bX 
where  Y  +  is  the  dependent  variable,  X  is  the 

independent  variable,  and  a  and  b  are  the 

estimated  regression  constants 
is  considered,  then  the  least  squares  method  minimizes 
the  squared  deviations  about  this  regression  model. 
Referring  to  Figure  7,  the  total  variation  of  Y  is  defined 
as  the  £(Y  -  Y)   or  the  sum  of  the  squares  of  the 
deviations  of  the  values  of  Y  from  their  mean  Y.  The 
unexplained  variation  is  £(Y  -  Y   . )  where  Y   .  is 
the  regression  estimate,  since  the  deviations  (Y  -  Y   . ) 
behave  in  a  random  or  unpredictable  manner.  The  explained 
variation  is  £(Y  +  -  Y)  which  has  a  definite  pattern. 
The  analysis  tries  to  fit  the  model  such  that  the  un- 
explained variations  are  kept  to  a  minimum.  A  useful 
statistical  parameter  for  determining  the  amount  of 
unexplained  variation  is  the  coefficient  of  correlation, 
R,  which  is  defined  as 


-i  /Explained  Variation      "I  /£(Y  +  -  Y) 


Total  Variation        1/  £(Y  "  Y) 


TT1 


<?\2 
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Regression  Line 
Yest=a  +  bX 


(Y-Y) 


*-  X 


FIGURE     7       REGRESSION   TERMINOLOGY. 


A  coefficient  of  correlation  of  unity  indicates  no 
unexplained  variations,  while  an  R  of  zero  indicates 
that  all  the  variation  is  unexplained. 

Often  a  "goodness  of  fit"  statistic  is  interpreted 
as  R  ,  and  when  multiplied  by  1 00%  roughly  indicates  the 
percentage  of  the  variation  explained  by  the  regression 
equation. 

The  all-possible  regression  approach  was  used  as 
an  initial  evaluation  of  the  importance  of  the  independent 
variables.   The  Purdue  computer  program  DRR3QU  was  used 
for  this  phase  of  the  analyses.   Different  models 
(combinations  of  independent  variables)  were  used  for 
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the  different  dependent  variables.   The  analysis 

systematically  fitted  the  data  to  different  models,  and 

2 
reported  the  resulting  R  values. 

For  example,  suppose  a  relationship  was  desired 
between  variable  A  (the  dependent  variable)  and 
variables  X,  Y,  and  Z  (the  independent  variables). 
Using  the  DRRSQU  all-possible  regression  approach,  re- 
gression relationships  would  be  calculated  expressing 
variable  A  as  a  function  of  variable  X,  then  variable  Y 

and  then  variable  Z  (three  models).   The  program  would 

p 

then  report  the  R  coefficient  for  each  model.   These 

are  the  one  term  models.   In  the  second  step,  variable  A 
is  expressed  as  a  function  of  the  independent  variables 
taken  two  at  a  time  (i.e.,  variables  XY,  XZ  and  YZ). 

This  results  in  three  more  models,  with  the  three 

2 

corresponding  R  values  being  reported.   The  final  step 

in  the  analysis  would  be  an  expression  relating  variable  A 

and  variable  X,  Y  and  Z  (in  one  model).  Again,  the 

2 

resulting  R  value  would  be  reported. 

This  method  of  analysis  was  used  to  indicate  the 
relative  importance  of  the  independent  variables,  and 
provided  a  model  for  further  detailed  regression  analyses. 
Once  the  important  variables  were  isolated  in  the  model, 
regression  coefficients  were  easily  obtained  (using  the 
SPSS  regression  option).   This  step  results  in  the 
familiar  "regression  equation"  or  regression  relationship. 
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After  obtaining  the  desired  regression  relationship, 
other  items  were  checked  to  determine  if  the  relationship 
was  statistically  meaningful.   The  95%   confidence  interval 
was  checked  for  each  regression  coefficient.   For  the 
regression  relationship  to  be  considered  meaningful, 
this  confidence  interval  should  not  cross  zero.  Also, 
this  confidence  interval  should  be  small. 

Therefore,  regression  relationships  were  considered 

2 

significant  if  they  had  a  high  R  ,  small  confidence 

intervals  for  the  regression  coefficients  and  confidence 
intervals  which  do  not  cross  zero. 

It  is  recognised  that  one  of  the  underlying 
assumptions  of  the  least  squares  regression  analysis  is 
homogeneity  of  variances.   The  data  sets  were  checked 
for  homogeneity  of  variances  using  the  Foster-Burr  test, 
and  were  found  homogeneous.   It  is  unclear  what 
statistical  effect  non-homogeneous  data  has  on  the 
least  squares  regression  technique.  If  non-homogeneous 
data  were  encountered,  certain  transformations  are 
possible,  but  these  transformations  cause  one  to  loose 
contact  with  the  significance  of  the  variables. 

After  meaningful  relationships  were  developed  for 
the  laboratory  compaction  test  results,  the  process  was 
repeated  for  the  field  compaction  results.   It  was  hoped 
that  statistical  comparisons  could  be  made  between  the 
two  compaction  methods.   These  comparisons  would  serve 
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two  purposes.   First,  they  would  determine  if  the  variables 
had  the  sane  order  of  importance  in  the  field  and 
laboratory.   Secondly,  they  would  indicate  the  feasibility 
of  making  good  field  compaction  predictions  from 
laboratory  data. 

As  previously  mentioned,  there  was  poor  control  over 
some  of  the  field  compaction  variables.   Since  the  soil 
came  from  a  single  borrow  area,  it  was  relatively 
uniform,  but,  since  it  was  from  one  source,  the  moisture 
contents  fell  in  a  narrow  band.   The  compaction  energy 
was  variable,  and  largely  unknown  in  level.   The  lack 
of  control  over  these  compaction  variables  severely 
limited  the  statistical  analyses  which  could  be  performed 
on  this  field  data. 

Similarly,  problems  were  encountered  when  attempting 
to  use  any  published  data.   Important  bits  of  information 
were  often  missing  from  the  published  works.   This  also 
prevented  the  statistical  analyses  of  many  of  these  data. 

3ecause  of  these  difficulties,  it  was  felt  that 
statistical  inferences  could  be  misleading.   The  field 
compaction  data  were  not  subjected  to  the  same  statistical 
analyses  as  the  laboratory  data;  therefore,  it  was  not 
possible  to  determine  the  relative  effects  produced  by 
the  field  variables.   The  data  sets  were  compared  on  a 
visual  basis  only,  i.e.,  in  terms  of  relative  trends 
and  magnitudes. 
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Statistical  Results 

The  first  step  in  the  statistical  analysis  of  the 
laboratory  results  was  to  determine  the  independent 
variables  significant  in  describing  the  magnitude  of  the 
dry  density  and  shear  strength.  This  analysis  was  done 
for  three  moisture  content  ranges: 

1)  considering  all  moisture  contents  together; 

2)  considering  only  data  less  than  optimum 
moisture  content; 

3)  considering  only  data  greater  than  optimum 
moisture  content. 

The  analysis  was  also  performed  on  the  magnitude  of 
the  laboratory  compaction  variability  associated  v/ith  the 
dry  density  and  shear  strength  in  order  to  determine 
v/hich  independent  variables  are  significant  in  producing 
the  observed  variations.  The  independent  variables  and 
models  chosen  for  both  analysis  are  shovm  in  Table  5. 
The  independent  variables  shown  in  Table  5  are  the 
linear  terms  used  in  the  analysis.   The  second  and  third 
powers  of  all  of  these  variables  were  also  used.  For 
example,  the  first  independent  variable  shovm,  w  (moisture 

content),  v/as  used  for  the  analysis,  as  well  as  was 

2      "5 
w  and  w  .  The  results  of  the  analyses  are  shown  in 

Tables  6,  7,  8  and  9. 

As  an  initial  starting  point  for  the  analyses,  the 

models  indicated  by  the  all-possible  regression  were 


TABLE  5 


Statistical  Models  Used  for  Analysis 
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DEPENDENT 
VARIABLE 

INDEPENDENT  VARIABLES  USED 
IN  ANALYSIS 
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o 

considered  significant  if  the  R  value  was  greater  than 

0.65. 

The  density  all-possible  regression  results,  Table  6, 
indicate  that  it  requires  a  relationship  of  three  variables 
to  satisfactorily  describe  the  magnitude  of  dry  density 
over  all  moisture  contents,  while  a  relationship  of 
four  variables  is  required  to  describe  the  variations  in 
dry  density  over  the  same  moisture  range.   However, 
by  analyzing  the  data  separately  on  the  wet  and 
dry  sides  of  the  optimum  moisture  content  for  that  par- 
ticular effort,  better  relationships,  with  fewer  variables, 
were  obtained.   For  this  reason,  the  density  and  variation 
in  density  data  were  evaluated  with  respect  to  optimum. 
This  problem  was  not  present  for  the  data  on  strength 
and  variation  in  strength.   Significant  relationships 
with  one  or  two  terms  were  available  for  the  entire 
moisture  range,  as  well  as  the  regions  dry  and  wet  of 
optimum.   Therefore,  regression  relationships  for  all 
three  moisture  regions  were  developed  for  the  strength 
and  variation  in  strength  models. 

From  the  all-possible  regression  results,  various 

models  were  chosen  for  further  analysis.   In  the  cases 

o 

v/here  there  was  little  change  in  R  over  several  models, 

the  one  with  the  lowest  order  independent  variables  was 
selected.  Using  the  non-linear  regression  technique, 
regression  coefficients  were  fit  to  the  models  selected. 
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The  resulting  density,  variation  in  density,  strength 
and  variation  in  strength  relationships  are  shown  in 
Table  10. 

The  density  and  variation  in  density  results  show 
that  the  variation  in  water  content,  S(w),  may  be  an 
important  variable  in  explaining  the  density  results. 
However,  since  the  magnitude  of  this  variable  was  deter- 
mined by  the  method  of  analysis  used  (i.e.,  dividing  the 
data  into  one  percent  moisture  increments),  it  was  felt 
that  this  variable  should  not  be  included  in  further 
analysis. 
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DISCUSSION  OF  RESULTS 

Magnitude  of  Dry  Density 

The  statistical  relationship  for  the  magnitude 
of  dry  density  is  best  formulated  when  the  effort  curve 
is  considered  independently  wet  and  dry  of  the  optimum 
moisture  content  (OMC).   It  v/as  shown  earlier  (Table  6) 
that  for  compaction  dry  of  optimum,  the  magnitude  of 
dry  density  is  controlled  by  the  water  content  and  the 
interaction  between  water  content  and  compaction  energy. 
For  compaction  wet  of  optimum,  the  water  content  alone 
is  sufficient  to  quantify  this  variable.   The  resultant 
regression  equations  and  laboratory  data  are  shown  in 
Figure  8.   The  data  shown  are  the  mean  values  for  the 
statistical  subsets  described  earlier. 

The  statistical  results  are  consistent  with  the 
observed  compaction  phenomena.   For  compaction  at 
moisture  contents  dry  of  optimum,  the  addition  of  energy 
causes  an  increase  in  dry  density  at  a  constant  moisture 
content.   It  is  interesting  to  note  that  the  resulting 
effort  lines  are  not  parallel  for  compaction  dry  of 
the  optimum  moisture  content,  but  will  increase  in  slope 
(toward  the  vertical)  with  increasing  compaction  energy 


O  15  Blow  Proctor 
□  Standard  Proctor 
A  25  Blow   Proctor 
V  Modified  Proctor 
All  for  Gray  Silt 
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because  of  the  moisture  content  and  energy  interaction 
term.  However,  for  moisture  levels  greater  than  the 
optimum  moisture  content,  the  resultant  dry  density  at 
any  moisture  content  is  relatively  independent  of 
compaction  energy.  The  resulting  dry  densities  fall 
roughly  parallel  to  the  zero-air-voids  line  in  this 
region,  and  represents  the  limit  of  compaction 
efficiency. 

A  comparison  of  the  Standard  Proctor  and  Harvard 
Miniature  compaction  results  in  Figure  9  shows  that 
the  two  compaction  methods  produce  similar  results  for 
this  soil,  the  Harvard  Miniature  densities  being  slightly 
greater  than  the  Standard  Proctor  densities. 

Figure  10  shows  a  comparison  of  the  field 
compaction  results  for  the  gray  silt,  as  well  as 
the  laboratory  compaction  prediction  equation  for  the 
same  soil,  wet  of  optimum.  The  field  data  points  shown 
are  mean  values  for  the  statistical  subsets.  The 
results  show  that  the  field  compacted  soils  follow  a 
relationship  similar  to  that  established  in  the  labora- 
tory for  soils  compacted  wet  of  optimum  moisture  content. 

It  is  interesting  to  note  that  the  means  of  all 
the  measured  field  densities  are  greater  than  the  ISHC 
compaction  specification  (95%  of  Standard  Proctor 
maximum  dry  density)  for  this  project.  Therefore,  the 
contractor  on  this  project,  using  the  particular  piece 
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of  compaction  equipment  he  had  available,  was  having 
no  difficulty  meeting  the  required  compaction  speci- 
fication, even  though  the  "low  energy  area"  samples 
were  taken  from  a  lift  which  was  determined  "by  the 
inspector  as  unacceptable. 

Magnitude  of  Compressive  Strength 

The  regression  results  indicate  that  the 
magnitude  of  the  shear  strength  in  the  laboratory 
can  be  described  with  a  relationship  consisting  of 
the  dry  density  and  interaction  between  dry  density 
and  moisture  content  for  all  ranges  of  moisture  content 
considered.  The  energy  variable  does  not  appear  in 
the  regression  equation,  but  it  is  implicit  in  the 
dry  density  relationship  for  densities  dry  of  the 
optimum  moisture  content.   The  regression  relationship 
and  mean  value  data  are  shown  in  Figure  1 1 .   The  statis- 
tical relationship  seems  to  fit  the  data  very  well  for 
the  two  lowest  energies,  but  deviates  somewhat  for  the 
higher  energies.  By  comparing  Figures  8  and  11,  it 
appears  that  the  maximum  strength  for  any  energy  level 
is  reached  at  about  Y/*   dry  of  the  optimum  moisture 
content;  the  measured  strength  then  decreases  as  the 
moisture  content  increases  or  decreases.   The  decrease 
in  strength  with  decreasing  moisture  content  is  greater 
with  increasing  energy.  Since  the  dry  density  relationship 
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for  compaction  wet  of  optimum  moisture  content  is 
linearly  related  to  moisture  content,  the  strength 
regression  could  be  rewritten  in  this  region,  substi- 
tuting the  density  relationship,  and  describing  strength 
as  a  function  of  linear  and  second  order  moisture 
contents  only.  Prom  the  all-possible  regression  results, 
Table  8,  this  relationship  is  very  significant. 

The  strength  regression  relationship  indicates 
that  for  a  constant  dry  density,  increasing  the 
moisture  content  will  decrease  the  strength  for  all 
levels  considered.   For  a  constant  moisture  content, 
the  relationship  between  density  and  strength  is  not 
as  easily  determined  from  the  regression  relationship. 
In  general,  increasing  the  density  will  increase  the 
strength.  Both  of  these  observations  are  consistent 
with  the  literature. 

The  strengths  of  the  Standard  Proctor  and  Harvard 
Miniature  samples  appear  to  be  very  similar.   Figure 
12  shows  that  the  strength  results  compare  quite  favor- 
ably for  high  moisture  contents,  but  some  scatter  seems 
to  exist  for  the  lower  moisture  contents.   It  was 
noted  earlier  that  the  moisture  density  relationships 
for  these  two  compaction  methods  were  quite  similar. 
This  would  seem  to  indicate  that  the  strength  measured 
is  relatively  independent  of  the  compaction  method, 
at  least  for  the  two  methods  used  here.  That  is, 


a    Standard  Proctor 
O    Harvard  Miniature 
for  Gray  Silt 
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similar  moisture  density  results  will  produce  similar 
strengths,  independent  of  the  method  of  compaction. 

Figure  13  shov/s  a  comparison  of  the  strength 
results  for  soils  compacted  in  the  field  and  laboratory. 
While  it  appears  that  no  laboratory  strength  relationship 
is  identical  to  the  field  relationship,  the  two  sets 
of  data  appear  very  similar  in  trend.   Since  the  loca- 
tion of  the  field  dry  density  data  in  Figure  10  indicated 
that  the  equivalent  field  compaction  energy  was  very 
high  in  relation  to  the  laboratory  efforts  used,  we 
would  expect  a  high  strength  for  the  field  compacted 
samples.   The  field  strength  results  do  not  support 
this  conclusion.   The  strengths  measured  in  the  field 
fall  between  the  15  blow  and  Standard  Proctor  laboratory 
strength  curves,  indicating  that  perhaps  the  field 
compacted  strength  relationship  is  less  sensitive  to 
dry  density  than  is  the  laboratory  relationship. 

The  regression  relationship  developed  in  the  laboratory 
for  the  unconfined  strength  was  a  function  of  the  dry 
density  and  the  interaction  between  the  density  and 
moisture  content.   Using  this  relationship  as  a  "pre- 
diction equation",  with  the  measured  field  densities 
and  moisture  contents,  comparisons  can  be  made  between 
the  predicted  and  measured  strengths.   Figure  14  was 
developed  in  this  manner.   From  Figure  14,  it  can  be 
seen  that  the  predicted  strength  is  almost  always 
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greater  than  the  measured.   If  the  variability  were 
not  so  large  for  this  data,  a  regression  could  be  per- 
formed between  the  predicted  and  measured  strengths, 
similar  to  that  developed  by  Peterson  (1975). 

Magnitude  of  Dry  Density  Variability 

The  statistical  analysis  shows  that  a  rather 
complex  function  is  required  to  describe  the  observed 
variations  in  dry  density  in  the  laboratory  for  the 
entire  range  of  moisture  contents.  Because  of  this 
fact,  it  was  again  decided  to  treat  the  data  wet  and 
dry  of  the  optimum  moisture  content  independently. 

The  magnitude  of  the  variations  for  samples 
compacted  dry  of  optimum  is  a  function  of  water  content, 
dry  density,  and  the  interaction  between  the  water 
content  squared  and  the  dry  density  squared.  For 
compaction  wet  of  optimum,  the  observed  variation  is 
explained  by  the  interaction  between  water  content  and 
compaction  energy.   The  statistical  relationships  for 
the  variation  in  dry  density  and  the  observed  laboratory 
variations  are  shown  in  Figure  15.  While  the  regression 
analysis  indicates  that  the  compaction  energy  is  not 
a  significant  variable  in  explaining  the  observed 
density  variations  dry  of  optimum,  energy  is  significant 
in  explaining  the  magnitude  of  dry  density  in  this 
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moisture  range.  Therefore,  energy  is  a  significant 
variable  even  though  it  does  not  appear  directly  in 
the  regression  analysis.  The  statistical  relationship 
for  the  variations  in  the  wet  of  optimum  moisture  content 
range  are  a  function  of  the  moisture  content  and  energy 
interaction  variable.  Therefore,  the  variation  in  density 
is  affected  by  the  compaction  energy  for  all  moisture 
contents. 

Figure  15(b)  shows  that  the  variations  with  respect 
to  the  optimum  moisture  content  for  each  energy  level. 
For  moisture  contents  less  than  the  optimum  moisture 
content  (negative  Aw) ,  increasing  the  effort  will 
decrease  the  amount  of  variability  present.  This  trend 
continues  to  a  moisture  level  that  is  about  1%  less  than 
optimum  moisture  content.  At  this  point,  all  the 
variations  are  equal  for  any  energy  level  used.  It 
is  also  at  this  point  that  the  energy  effect  markedly 
changes.  From  a  moisture  level  just  dry  of  optimum 
to  the  highest  moisture  content  content  considered, 
increasing  the  energy  will  slightly  increase  the  amount 
of  variation  in  density  present. 

The  dry  density  variation  seems  to  follow  the 
trends  indicated  by  the  aggregate  theory  of  Hodek(l972). 
For  very  low  moisture  contents  (well  dry  of  the  optimum 
moisture  content),  the  soil  aggregates  present  will  be 
very  small  and  very  brittle.  Densification  will  occur 
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from  rearrangement  and  gracturing  of  the  aggregates, 
and  the  packing  will  be  quite  independent  of  energy. 
The  soil  at  this  moisture  level  will  still  be  prin- 
cipally in  a  dry  "powdered"  state.   Increasing  the 
moisture  content  (to  near  optimum)  will  tend  to  increase 
the  size  of  the  aggregates  and  because  of  these  large 
size  and  relatively  rigid  aggregates,  the  tendency  for 
large  inter-aggregate  voids  will  be  present.   In  this 
area.,  increasing  the  compactive  energy  will  cause  re- 
arrangement and  fracturing  of  the  aggregates.  With  the 
initial  existence  of  large  voids  comes  the  possibility 
for  denser  packing  arrangements,  and  hence  a  larger  range 
in  possible  densities  can  be  expected.   The  addition  of 
further  water  (past  optimum)  will  further  increase  the 
size  of  the  aggregate,  but  now,  because  of  this  higher 
moisture  content,  the  soil  aggregates  become  more  plastic. 
Energy  will  now  cause  densification  by  deforming  the  soil 
aggregates  at  essentially  constant  volume.  Increasing 
energy  in  this  region  will  essentially  eliminate  the 
pore  space  between  the  aggregates.  All  of  these  trends 
are  shown  in  Figure  1 5 . 

The  Harvard  Miniature  density  variations  are  quite 
similar,  in  both  magnitude  and  trend,  to  the  density 
variations  of  the  Standard  Proctor  compaction  method. 
Figure  16  shows  this  similarity.  The  Harvard  Miniature 
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results  seem  to  be  shifted  slightly  toward  the  higher 
moisture  contents  in  Figure  16(b);  that  is,  the  maximum 
deviation  occurs  much  closer  to  the  optimum  moisture 
content  for  this  method  of  compaction  than  any  of  the 
impact  energies  studied. 

The  trends  established  exist  for  soils  other  than 
those  studied  in  this  laboratory  testing  program. 
Figure  16  also  shows  results  found  in  the  literature. 
Mitchell  (1955)  published  results  of  a  laboratory 
compaction  program  using  the  Harvard  Miniature  compaction 
apparatus  for  a  heavy  clay.  Figure  16(a)  shows  that  the 
the  deviation  results  are  shifted  far  to  the  right 
(higher  moisture  contents),  which  is  to  be  expected 
with  the  more  plastic  clay  used.  However,  when  the 
data  are  referenced  to  optimum  moisture  content  (Figure 
16(b)),  the  comparison  is  very  good.  The  published 
Harvard  Miniature  results  fall  very  close  to  the  Harvard 
Miniature  results  generated  in  this  laboratory  program. 
Other  published  data  were  considered  for  analysis,  but 
since  a  great  deal  of  data  is  required,  no  specific 
conclusion  could  be  drawn. 

The  field  variations  measured  for  the  gray  silt 
are  quite  similar  to  the  variations  produced  in  the 
laboratory,  although  somewhat  larger.  Figure  17  is  a 
comparison  of  the  variations  in  density  for  the  field 
and  laboratory.  While  the  variations  appear  quite 
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similar,  no  positive  trends  can  be  established  because 
of  a  lack  of  sufficient  data  and  the  inability  to 
quantify  the  energy  level  for  field  compaction. 

As  part  of  an  earlier  phase  of  this  study  (Peterson, 
1975),  data  were  collected  from  ISHC  construction 
records.  These  data  consisted  of  numerous  density, 
moisture  content  and  energy  levels  for  several  soil 
types  and  varieties  of  compaction  equipment.  In  many 
cases,  a  sufficient  quantity  of  data  was  not  available 
to  break  up  into  one  percent  moisture  subsets  as  done 
for  the  laboratory  and  field  data  generated  in  this  study, 
However,  several  trends  can  be  roughly  established 
from  these  data.  Referring  to  Figure  15,  if  all  the 
variation  in  dry  density  data  were  averaged  over  all 
moisture  contents  used,  then,  as  the  energy  increased, 
the  average  variation  would  tend  to  decrease.  This 
observation  should  hold  true  if  the  field  data 
considered  are  over  nearly  the  same  range  in  moisture 
contents,  and  the  data  considered  are  not  from  the  wet 
side  of  optimum  only.  Figures  18(a)  and  19  show  ISHC 
data  considered  this  way.  Since  the  data  were  generated 
under  actual  construction  conditions  and  the  energy 
listed  on  the  control  records  for  compaction  is  prob- 
ably not  exact,  considerable  scatter  is  to  be  expected. 
However,  the  data  do  generally  indicate  a  trend. 


77 


~     6 


c 

Q. 


C    *"> 

o  —' 


I/) 


o 

> 


Values  Shown  Signify 
Number  of  Passes 
Recorded  for  Data  Set 


05 
10 


o5 
a5 


□  5 


ISHC   CONTRACT    8640 
o  Compactor,  A- 4  Soil 
a  Compactor,  A-7  Soil 
( Reference  29  ) 


q5 
6 


!0        12         14        16         18 
Mean  Water  Content  w    (%) 

(a) 


20 


0    2  Passes                    Smooth-Wheel 

-  Roller 

400     lb/in 

8- 

0    4  Passes 

>% 

+- 

D     8  Passes                                    0 
A    16  Passes                                 /  \ 
for  Heavy  Clay                          /          \ 
A-7-6(20)                          0/5             \ 

COMC  21-22%) 

c 

6- 

a  _. 

4- 

(Reference  43 )              /     ^\a 
^£--A          cr 

v      /-Passes 
2' 

.£    >3? 

I5* 

0 
'C 

0 

2- 

^ 

> 

0- 

J          10         12         14        16         18        20 

22        24 

Mean  Wafer  Content  w  (%) 

(b) 

FIGURE     18     MOISTURE -VARIATION   IN  DENSITY 

RELATIONSHIP  FROM    PUBLISHED  DATA. 


ISHC  Contract  8757 

°  Vibratory  Roller 
□  FWD  Roller 
A  Sheepsfoot  Roller 
All  for  A- 6  Soil 


78 


c 
a> 
Q 

>. 
i_ 
Q 

c. 

c 
o 

o 

I 


6- 

Values  Shown  Signify  Number 
of  Passes  Recorded  for  Data 

5- 

A8 

4- 

05 

A8 

OS 
D5 

A7 

3- 

o* 

OS 

A7 

2- 

I  - 

OS 

a7  A9 
a6 

A7 

a" 

0- 

"  l 

1 1 1 1- 

1 

— 1 

1 r— 

14         15         16        17         18         19 
Mean  Water  Content  w  (%) 


20       21 


FIGURE     19      MOISTURE- VARIATION  IN  DENSITY 

RELATIONSHIP  FOR  ISHC  CONTRACT 
8757  (REFERENCE    29    ). 


79 


The  examination  of  other  published  field  studies 
reveals  that,  if  sufficient  control  procedures  are 
exercised,  results  of  the  variations  produced  are  quite 
similar  to  those  observed  in  the  laboratory.  Published 
studies  by  the  Australian  Road  Research  Board  (ARRB) 
(Tynan  and  Morris,  1968)  for  compaction  on  a  heavy 
clay  are  shown  in  Figure  18(b).   The  data  shown  here 
(unfortunately  the  studies  were  only  for  compaction 
dry  of  optimum)  support  the  trends  isolated  in  the 
laboratory;  that  is,  decreasing  variation  in  density 
with  increasing  energy  for  compaction  in  this  moisture 
range.   Other  data  published  for  ARRB  studies  support 
this  observation,  but  not  in  such  a  consistent  manner. 

Magnitude  of  Compressive  Strength  Variability 
The  variation  in  strength  can  be  represented  over 
the  entire  range  of  moisture  contents  considered  by  a 
relationship  involving  the  actual  magnitude  of  the 
shear  strength  and  the  corresponding  variation  in 
density  at  that  strength  level.  The  relationship 
developed  for  all  moisture  contents  is  equally  valid 
for  dry  of  optimum  and  wet  of  optimum  compaction  in 
the  laboratory.  An  examination  of  the  statistical 
relationship  developed  indicates  that  an  increase  in 
strength  or  an  increase  in  density  variation  will 
cause  an  increase  in  the  variation  in  strength.  In 
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fact,  if  there  is  no  variation  in  density  at  all 
(S(T,)=0),  there  will  still  be  a  considerable  amount 
of  strength  variation  present. 

Figure  20  shows  the  predicted  and  the  measured 
laboratory  variations,  both  with  respect  to  the  ab- 
solute level  of  moisture  content  and  with  respect  to 
optimum  moisture  content  for  each  energy  level.  Figure 
20(a)  shows  that  the  variation  in  strength  is  nearly 
independent  of  energy  for  high  moisture  contents; 
that  is,  the  produced  variations  are  nearly  the  same  for 
each  energy  used  for  compaction  in  the  laboratory. 
This  results  from  the  strength  being  nearly  constant 
in  this  region,  and  a  slightly  increasing  variation 
in  density  with  increasing  energy. 

A  comparison  of  Figures  15(a)  and  20(a)  reveals 
that,  for  compaction  dry  of  optimum  moisture  content, 
the  effort  level  with  the  highest  variation  in  dry 
density  (15  blow  Proctor)  has  the  lowest  variation  in 
strength.  Since  this  lowest  effort  level  level  results 
in  the  lowest  strengths,  the  relative  importance  of 
the  shear  strength  and  variation  in  dry  density  variables 
is  illustrated.  Therefore,  for  compaction  at  moistures 
dry  of  optimum,  increasing  the  compaction  energy  will 
decrease  the  dry  density  variation,  but  will  increase 
the  shear  strength  variation. 
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Figures  11,  15(b)  and  20(b)  show  that  the  maximum 
strength  variation  occurs  at  the  moisture  content 
where  the  variation  in  density  and  mean  value  of 
strength  are  at  the  maximum. 

The  Harvard  Miniature  compaction  data  for  the 
gray  silt  shown  in  Figure  21  again  agree  closely 
with  the  Standard  Proctor  variations  in  trend,  but  are 
shifted  somewhat  in  position  (for  both  absolute  moisture 
levels  and  with  respect  to  OMC).   From  all  the  Harvard 
Miniature  data  considered  in  this  study,  it  would 
appear  that  the  magnitudes  of  the  variations  produced 
(both  in  density  and  strength)  are  similar  to  those 
for  the  Standard  Proctor  impact  method,  but  are  "skewed" 
somewhat  in  relative  position.  This  would  indicate 
that  these  two  methods  of  compaction  produce  the  same 
variations,  but  the  kneading  compactor  moves  the 
maximum  variations  closer  to  the  optimum  moisture 
content. 

Figure  21  also  shows  the  results  of  Mitchell  (1955). 
As  with  the  density  variation  data,  the  values  measured 
are  shifted  toward  the  higher  moisture  contents  because 
of  the  higher  plasticity  characteristics  of  the  clay. 
However,  when  the  data  are  compared  with  respect  to 
optimum  moisture  content,  fair  agreement  with  the 
other  data  is  evident,  especially  for  moisture  contents 
greater  than  optimum. 
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It  would  appear  from  Figure  22  that  the  variation 
in  strength  produced  at  the  same  moisture  contents  by 
the  field  compaction  method  is  much  greater  than  in 
the  laboratory.  Since  the  field  strengths  were  lower 
than  those  in  the  laboratory  at  the  same  moisture  and 
density  combination,  the  higher  field  variations  in 
strength  results  in  a  much  higher  coefficient  of 
variation  (COV)  in  strength.   The  COV  for  laboratory 
compaction  ranged  from  0.03  to  0.20,  while  the  field 
COV  in  strength  ranged  from  0.05  to  0.40  (see  Figure 
23).   It  would  also  appear  that,  as  shown  in  Figure  22, 
the  amount  of  field  variation  produced  is  very  sensitive 
to  small  changes  in  moisture  content.   The  measured 
field  variations  vary  from  1.5  to  18  psi  over  only 
a  small  range  of  A-%   moisture  content.   These  variation 
differences  may  be  a  result  of  the  different  methods 
of  sampling  used  in  the  laboratory  (hydraulic  jack) 
and  in  the  field  (drop  hammer).   As  noted  by  Lumb 
(1966),  the  sampling  method  can  produce  an  increase  in 
the  coefficient  of  variation,  partly  because  of  the 
sampling  disturbance  produced. 

Variability  Resulting  From  Soil  Compaction 

Much  work  dealing  with  the  variability  of  pavements 
and  input  variables  has  been  done  by  researchers  in  the 
pavement  design  areas  (Kennedy,  Hudson,  McCullough  (1975) 
discussed  this  area  in  detail).  Hudson  (1975)  discusses 
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the  concepts  of  reliability  and  how  they  relate  to  pave- 
ment design  model  reliability,  materials  reliability,  load 
variability  and  actual  pavement  performance.  Hudson 
presents  a  design  nomograph  which  includes  among  other 
things,  a  scale  for  the  "overall  variance"  determined  by 
the  level  of  quality  control  exercised,  variations  as- 
sociated with  design  parameters  and  errors  associated  with 
traffic  predictions. 

The  statistical  analysis  indicates  that  a  nomographic 
type  solution  would  be  a  convenient  method  of  combining 
the  results  of  all  the  individual  analyses  performed 
in  this  study.   Figure  24  is  the  resulting  combination  of 
the  statistical  results.   If  it  were  desired  to  compact 
a  soil  such  that  the  resultant  mass  would  have  specified 
strength  properties,  the  nomograph  could  be  used  to 
isolate  regions  of  moisture  and  density  where  the  measured 
strength  would  be  as  desired  and  allow  for  the  variations 
inherent  in  the  process.  The  nomograph  was  developed 
from  the  laboratory  relationships,  rather  than  the  field 
data.  However,  since  many  of  the  field  relationships  are 
quite  similar  to  these  produced  in  the  laboratory,  it 
should  be  possible  to  construct  such  a  diagram  for  field 
compaction  if  sufficient,  carefully  controlled  data  were 
available. 

The  nomograph  was  constructed  using  the  mathematical 
relationships  developed  earlier,  and  shown  in  Table  10. 
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However,  rather  than  using  the  variation  in  dry  density 
and  strength,  S(/d  )  and  S(q  ),  these  values  were  con- 
verted to  one  half  the  range  in  density  and  strength, 
V(X;  )  and  V(q )  using  the  following  relationships: 

V(7d  )  =  2  s<7a ) 

V(qu)   =  2  S(qu) 

Since  statistical  theory  for  a  normal  distribution  in- 
dicates that  approximately  95%  of  all  data  will  fall  in 
a  region  bounded  by  the  mean  value  plus  or  minus  two 
standard  deviations,  a  four  standard  deviation  width  is 
seen  to  be  approximately  equal  to  the  range  in  values 
expected. 

The  nomograph  can  be  used  to  establish  areas  of 
moisture  and  density  where  the  desired  strength  properties 
are  present.   For  example,  if  a  laboratory  compacted 
soil  was  required,  with  a  mean  unconfined  compressive 
strength  (q  )  of  30  psi,  the  use  of  scales  one,  two  and 
three,  Figure  24,  indicate  that  this  mean  strength  can 
be  obtained  at  moisture-density  combinations  of  8%-113.0 
pcf,  1150-118.5  pcf  and  14%-123  pcf,  among  many  other 
possible  combinations.  Using  the  three  moisture-density 
points,  a  line  of  constant  mean  strength  (line  RS  in 
Figure  25)  can  be  established.   The  variation  in  strength 
is  a  function  of  the  mean  strength  and  variation  in 
density.   Scales  three,  four  and  five  can  be  used  to 
establish  an  "allowable"  range  in  dry  density;  this 
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range  in  density  will  insure  that  the  measured  strength 
results  fall  within  the  acceptable  specified  tolerances. 
If  the  desired  variation  in  strength  is  to  be  -8  psi 
(~V(q  )),  then  the  allowable  range  in  density  is  -2.25  pcf 
(-V(7d  ))•   That  is,  the  densities  must  fall  within  the 
area  of  line  RS  plus  or  minus  2.25  pcf  as  indicated  by 
lines  AB  and  CD  in  Figure  25.   This  variation  in  density 
is  not  possible  at  all  moisture  contents.  Moisture 
content  regions  must  be  isolated  where  this  range  in 
density  is  possible.   Through  the  use  of  scales  five  and 
six  of  the  nomograph,  lines  of  constant  variation  in  dry- 
density  can  be  established.   Line  CBNP  (Figure  25)  is  the 
line  generated  from  the  nomograph  where  a  constant  half 
range  in  dry  density  of  2.25  pcf  can  be  obtained.  The 
shaded  region  ABCD  (Figure  25)  has  now  been  isolated,  and 
within  this  area  the  strength  will  be  the  required  30  -8  psi, 

The  size  of  this  "specification  region"  is  determined 
by  the  range  in  acceptable  strengths.   If  a  larger  range 
in  strengths  is  acceptable,  then  the  size  of  the  acceptable 
region  will  increase.   This  is  3hown  by  region  EFGH 
(30  -  12  psi)  in  Figure  25.   This  region  was  developed 
through  the  use  of  the  nomograph  as  explained  earlier. 

A  nomograph  similar  to  Figure  24  should  be  possible 
for  field  compaction.   Closely  controlled  field  studies 
would  yield  the  necessary  field  data  to  determine  the  field 
functional  relationships.  If  further  field  compaction 
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studies  indicate  that  the  same  variables  are  significant 
in  the  field  as  in  the  laboratory,  then  the  nomograph 
(Figure  24)  will  remain  essentially  unchanged.  A  shift 
in  the  horizontal  spacing  of  the  scales,  as  well  as  their 
size,  would  account  for  the  differences  between  the  field 
and  laboratory. 

Since  the  type  of  compactive  effort  is  recognized  as 
an  important  variable,  scales  five  and  six  would  be  for 
only  one  type  of  field  compaction,  but  at  various  effort 
levels.   This  might  then  require  various  nomographs,  one 
for  each  type  of  compactive  effort  (sheepsfoot  rollers, 
rubber-tire  rollers,  vibratory  rollers,  etc.),  unless  the 
type  of  effort  variable  could  also  be  quantified. 

If  a  nomograph  of  the  type  indicated  in  Figure  24 
were  developed  for  field  compaction,  the  designer  could 
specify  the  strength  properties  he  requires  in  the 
compacted  mass.   By  stating  the  strength  his  design  will 
require,  as  well  as  the  strength  variability  he  is  willing 
to  accept,  then  plots  similar  to  Figure  25  could  be 
produced  to  isolate  areas  of  moisture  and  density  within 
which  he  must  compact  to  insure  the  properties  he 
desires. 
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CONCLUSIONS 

This  study  examined  statistically  the  relationship 
between  laboratory  (impact)  and  field  (tamping  foot 
roller)  compaction  for  one  glacial  silty-clay  soil. 
Within  the  constraints  established  for  this  project, 
the  following  conclusions  can  be  made: 

1 )  The  minimal  amount  of  field  compaction  data  that 
was  available  and  could  be  easily  gathered 
without  special  controlled  procedures  did  not 
allow  a  statistically  meaningful  correlation  to 
be  developed  betv/een  laboratory  and  field 
compaction  results. 

2)  The  data  collected  for  the  field  compacted  soils 
appear  very  similar  in  trend  to  the  relationships 
developed  in  the  laboratory;  however,  the  varia- 
bility associated  with  the  field  compaction 
seems  to  be  larger  than  that  associated  with 
compaction  carried  out  in  the  laboratory. 

3)  It  would  appear  that  meaningful  forecasts  of  field 
compaction  results  are  available  from  laboratory 
test  results  if  sufficient  closely  controlled 
field  data  were  available  for  the  initial 
correlation. 
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4)  For  soils  compacted  in  the  laboratory,  the 
following  relationships  are  statistically 
significant: 

a)  The  most  important  variables  controlling  the 
as  compacted  dry  density  are  the  moisture 
content  and  the  interaction  between  the 
moisture  content  and  compaction  energy. 

b)  The  most  important  variables  controlling 
the  as  compacted  shear  strength  are  the 
dry  density  and  the  interaction  between 
dry  density  and  moisture  content. 

c)  The  most  important  variables  controlling  the 
as  compacted  variation  in  dry  density  are  the 
moisture  content,  dry  density,  and  inter- 
actions of  moisture  content  with  energy 

and  moisture  content  with  dry  density. 
Increasing  the  compaction  energy  will  tend 
to  decrease  the  dry  density  variability. 

d)  The  most  important  variables  controlling  the 
as  compacted  variation  in  shear  strength 
are  the  shear  strength  and  the  variation  in 
dry  density.   Increasing  the  compaction 
energy  will  tend  to  increase  the  variation 
in  shear  strength. 
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RECOMMENDATIONS  FOR  FURTHER  STUDIES 

1 .  Further  work  is  necessary  to  provide  correlations 
between  the  laboratory  and  field.  Valid  statistical 
predictions  of  field  performance  should  be  available 
if  sufficient  controlled  data  is  available  for  the 
initial  correlation. 

2.  The  relative  importance  of  the  field  compaction 
variables  should  be  evaluated  to  determine  where 
tighter  controlls  are  needed  in  order  to  remove  the 
large  amount  of  variability  present  in  the  compacted 
mass. 

3.  The  relative  importance  of  the  variables  in  controlling 
the  in-service  performance  should  be  evaluated. 
Studies  should  evaluate  the  saturated  strengths, 

both  for  the  laboratory  and  field  compacted  samples. 

4.  Performance  properties  other  than  the  unconfined 
strength  should  be  studied.  Relationships  for  the 
failure  strains,  moduli,  swell  and  collapse  potential, 
etc.,  should  be  studied. 
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